Valley pseudospin in two-dimensional (2D) transition-metal dichalcogenides (TMDs) allows optical control of spin-valley polarization and intervalley quantum coherence. Defect states in TMDs give rise to new exciton features and theoretically exhibit spin-valley polarization; however, experimental achievement of this phenomenon remains challenges. Here, we report unambiguous valley pseudospin of defect-bound localized excitons in CVD-grown monolayer MoS 2 ; enhanced valley Zeeman splitting with an effective g-factor of -6.2 is observed. Our results reveal that all five d-orbitals and the increased effective electron mass contribute to the band shift of defect states, demonstrating a new physics of the magnetic responses of defect-bound localized excitons, strikingly different from that of A excitons. Our work paves the way for the manipulation of the spin-valley degrees of freedom through defects toward valleytronic devices. Manipulation of the spin degree of freedom (DOF) at the atomic scale is crucial in exploring new spintronic and valleytronic devices for quantum information and communication technologies. 1-6 Defects originating from zigzag edge, dislocations and deformations have been experimentally and theoretically demonstrated to lead to long-range magnetic order in transition-metal dichalcogenides (TMDs); 7-10 the proton irradiation induce vacancy defects in MoS 2 bulk, giving rise to ferromagnetism. 11 Theoretical studies have also predicted that magnetic atom substitutional doping can introduce magnetic ordering in TMDs; 12-15 and recent experimental works have demonstrated that Zeeman splitting of valley pseudospin is enhanced by Co and Fe atom doping in MoS 2 monolayer. 16-17 These create opportunities for spin control and manipulation in TMDs by defects. In parenthesis, defects in 2D materials can more strongly trap free carriers and localize excitons and influence their physical properties, opening up plenty of opportunities to tailor the transport and optical properties of 2D materials. Dopant defects modify the electronic structures of monolayer TMDs,
momentum space can be regarded as a unique DOF for information coding and transmission. Most recently, spin-valley polarization of defect states in monolayer TMDs has been theoretically predicted. 19, 35 The presence of defects in monolayer TMDs leads to quenching of the circularly polarized photoluminescence (PL) emission of A and B excitons and degradation of their valley polarization due to the increased nonradiative decay rate. 36 Magnetic field can break the valley degeneracy and tune the valley polarization of defect states. 37 Although the emission of defect-bound excitons attributed to chalcogen vacancies has been studied in monolayer MoS 2 , MoSe 2 , WS 2 and WSe 2 . 20, 38-41 However, to data, experimentally manipulating the valley pseudospin and splitting of defect states still remains challenging.
In this work, we report observation of valley pseudospin of defect-bound excitons in CVD-grown monolayer MoS 2 by circularly polarized PL spectroscopy; a strong polarization-resolved defect emission is observed at 10 K. Remarkably, the valley pseudospin of defect states can be lifted by a magnetic field, analogous to valley Zeeman splitting of intrinsic A excitons of monolayer MoS 2 , giving an effective g-factor of approximately -6.2, which is consistent with the theoretical g-factor of -6.6.
We proposed that the valley pseudospin and valley Zeeman splitting of defect excitons originate from the momentum-dependent carrier distribution of defect states in the vicinity of ±K valleys; the enhanced g-factor arises from the increased effective electron mass and d-orbital magnetic moment.
Monolayer MoS 2 belongs to the nonsymmorphic space group ( 4 6h D symmetry and P6 3 /mmc space group). In each unit cell, one Mo atom is coordinated by six S atoms and sandwiched between S atoms, forming a S-Mo-S trigonal prismatic geometry, which further shares vertexes to build a hexagonal closed-packed network ( Fig. 1a and b). We studied the electronic band structures of monolayer MoS 2 in the presence of with one single S vacancy (V S ) and S divacancy (V 2S ) by first-principles calculations. [42] [43] Pristine monolayer MoS 2 without any defect exhibits a distinguishable carrier distribution in two momentum-dependent valleys; spin-up holes and spin-down electrons are only kept in the valance and conduction band edge in the +K and -K valleys (Supplementary Information Fig. S1c ). [2] [3] 34 Importantly, the defect states also have a unique electronic band structure with two momentum-dependent band minima at the +K and -K points of the Brillouin zone ( Fig. 1c ). The defect band edges of both the V S and V 2S have spin-up and spin-down states in the +K and -K valleys, respectively, while the valence band edges show opposite spin states in the same valley with defect states, suggesting valley pseudospin of defect states and distinct momentum-dependent carrier distribution ( Fig.   1d and Supplementary Information Fig. S1 ).
Structural defects can be produced in TMDs through the CVD method, such as grain boundaries, various vacancy defects and substitutional defects. [44] [45] Moreover, chalcogenide vacancies easily form due to their low formation energy and the high volatility of chalcogenides. 15 Therefore, we designed experimental conditions to grow defect-engineered monolayer MoS 2 on Si/SiO 2 substrates by the CVD method (See Methods). 46 The Raman frequency difference between the E 2g and A 1g modes is ~20 6 cm -1 (See Supplementary Information Fig. S2 ), which satisfies the criteria of CVD-grown monolayer MoS 2 on SiO 2 /Si substrates. 47 To validate the S vacancies, we investigated the structure of the CVD-grown monolayer MoS 2 on an atomic scale by employing an aberration-corrected scanning transmission electron microscope with an annular dark field detector (STEM-ADF) operated at low accelerating voltage (60 kV). 48 Above 150 K, PL emissions of A excitons are strikingly observed, and a new PL peak (X D ) appears under further cooling, which overlapps with the A exciton PL peak with similar PL intenisty, thus resulting in broaden line widths in the region of 150-75 K (Fig. 2d ). However, the PL intensity of the A exciton drastically decreases below 75 K; the strong emission X D at ~1.74 eV is unambiguously observed, which has a Stokes shift of ~0.14 eV and an over twofold enhancement in the PL intensity as compared to the A exciton at 10 K. shifts of trion and polarons should be ~40 meV, 4, [49] [50] [51] which is much smaller than that of X A and X D in our MoS 2 . Therefore, the possibility of trions is ruled out. The strong emissions X D are attributed to the defect-bound excitons induced by chalcogen vacancies, 20, 37, 52 rather than charged excitons. The first-principles calculation results in Fig. 1d show that the defect states arising from S vacancy in monolayer MoS 2 appear at ~0.55 eV below the conduction band minimum (CBM), which is in agreement with the reported predicted results (~0.6 eV). [53] [54] The band gap between defect states and CBM consist of the binding energy of A exciton and Stokes energy shift between the X A and X D . Thus, the binding energy of X A is estimated to be approximately 0.41 eV, which is also consistent with the reported experimental results, [55] [56] is used to obtain the PL peak position and valley splitting as a function of magnetic field. 57 The splitting as a function of B is shown in Fig. 3d , yielding a g-factor of -6. The valley lifetime (γ 1 ) in 2D TMDs is at least tens of nanoseconds at least, 59 however, the charge transfer (γ 2 ) from excited states to defect states occurs within ~1 ps, which is at least three orders of magnitude shorter than the valley spin lifetime. 60 Thus, excited electrons quickly relax to defect states between two bands with the same spin states (Fig. 5b) . Under an out-of-plane positive magnetic field, the spin-degenerate bands are lifted. The contributions from the spin magnetic moment and orbital magnetic moment of the zx d and zy d orbitals are the same for the defect and valence band shifts (Fig. 5c ); thus these orbitals do not contribute to the valley Zeeman splitting. 52, 57 However, the components of the 2 2 x y d − and xy d orbitals in the defect and valence band edges are significantly different ( Fig. 4b and 5c ); thus these orbitals 
